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Jonas Korlach3, Steve Chu5, Robert Tjian6.
1Janelia Farm Research Campus, Ashburn, VA, USA, 2Albert Einstein
College of Medicine, Bronx, NY, USA, 3Pacific Biosciences, Menlo Park,
CA, USA, 4University of California, Berkeley, Berkeley, CA, USA,
5Department of Energy, Washington, DC, USA, 6Howard Hughes Medical
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Transcription of all protein-coding genes in human cells begins with the as-
sembly of the RNA polymerase II preinitiation complex (PIC). The PIC con-
sists of Pol II itself and at least six general transcription factors (more than
forty polypeptides, total molecular weight of ~ 3MDa). Due to the high com-
plexity and the dynamic nature of the PIC, the mechanism of its assembly and
regulation remains elusive after decades of biochemical studies. We have de-
veloped a surface-based, promoter-specific Pol II transcription system suitable
for single-molecule analysis. The system consists of (a) an imaging surface
and a fluidics system supporting Pol II transcription from immobilized DNA
templates; (b) fluorescently labeled transcription factors (recombinant and
highly purified from nuclear extracts); (c) novel probes capable of rapid
real-time detection of mRNA synthesis at the single-molecule level. We
have begun to use this system to dissect the PIC assembly process coupled
to a fully reconstituted single molecule transcription reaction. We use two sep-
arate multi-color fluorescence imaging instruments capable of simultaneous
detection of thousands of individual PIC assembly and transcription events
at sub-second time resolution for hour-long time periods: (a) actively stabi-
lized (drift of &lt;1 nm over hours) temperature-controlled total internal reflec-
tion (TIR) microscope; (b) zero mode waveguide multiplex confocal imaging
system developed by Pacific Biosciences. Using these first generation reconsti-
tuted single molecule RNA Pol II transcription systems, we have gained new
insights into the mechanisms of human transcriptional regulation not attainable
by the conventional in vitro biochemical assays that have been the gold stan-
dard for over 30 years.
52-Plat
Scanning Evanescent Fields in TIRF Microscopy Using a Single
Point-Like Light Source and a DNA Worm Drive
Hergen Brutzer, Friedrich W. Schwarz, Ralf Seidel.
TU Dresden, Dresden, Germany.
Total internal reflection fluorescence (TIRF) microscopy is an elegant optical
technique that limits the dimension of the volume, in which fluorophores are ex-
cited, along the z-direction to the hundred nanometer-scale. The method makes
use of the evanescent field, which arises when light is totally internally reflected
at the boundary to a medium of lower refractive index. Often the penetration
depth of this exponentially decaying field is left undetermined, which sets limits
to the reproducibility in different experiments. Here, we present a novel method
to measure this quantity: We use a quantum dot as a point-like light source and
a Holliday junction as a drive to move the fluorescent probe with nanometer pre-
cision perpendicular to the substrate surface. The junction serves as a worm
drive, which couples rotation into translational movement, while the DNA pitch
serves as a precise intrinsic ruler. The Holliday junction is forced to migrate by
adding negative turns to the DNA stretched perpendicular to the surface using
magnetic tweezers. This causes the quantum dot, which is attached upstream
of the junction, to decrease its height above the surface by 3.4 nm per turn.
Thus it can bemoved continuously through the excitation field while monitoring
its height-dependent fluorescent signal. Since the quantum dot is a point-like
light source, the intensity decay of the evanescent field can be obtained by divid-
ing the signal recorded in TIRF illumination by the one recorded in conventional
epi-illumination without further corrections. Our assay should allow for probing
the axial intensity profile of any electromagnetic field distribution with a point-
like light source, without the necessity of attaching it to an interfering surface.
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Catch, Hold, and Release: Manipulating Single DNAMolecules in Solution
Jorg C. Woehl, Christine A. Carlson.
University of Wisconsin-Milwaukee, Milwaukee, WI, USA.
The ability to manipulate matter on submicron length scales has revolutionized
biophysical research and fueled important scientific and technological ad-
vances in past decades. For example, larger dielectric particles can be trapped
free in solution by steep electromagnetic field gradients produced by a strongly
focused laser beam (optical tweezers).
Pushing the limits to the nanometer level, however, has proven challenging.
The only known method for trapping fluorescent nanoparticles such as single
molecules uses a time-varying DC field in a feedback loop to counteract Brow-nian motion. This trap, however, can only operate when the particle can be lo-
cated through fluorescence detection, which is problematic in the case of single
molecules where intermittent fluorescence emission is often observed, and re-
quires a complex hardware and software setup.
In this contribution, we will discuss a novel and elegant approach for the trap-
ping and manipulation of single molecules and other particles over extended
periods of time: the electrostatic corral. The proposed trapping scheme has dis-
tinct characteristics which set it apart from other trapping techniques, such as
a trapping efficiency that scales favorably with particle size (down to the single
molecule level), a stable potential well that does not require any imaging for
particle trapping, and multi-particle trapping capabilities. The feasibility of
the corral trap approach will be demonstrated with experiments on micro-
and nanoscale particles, with particular emphasis on the trapping of single-
stranded DNA molecules.
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Dual Molecule Assay to Investigate the Mechanics of Homology
Search and Recognition in Recombination
Iwijn De Vlaminck, Marijn T.J. vanLoenhout, Ludovit Zweifel,
Johan den Blanken, Jacob W.J. Kerssemakers, Susanne Hage, Cees Dekker.
TuDelft, Delft, Netherlands.
Central to homologous recombination in E. Coli is the interaction of a RecA nu-
cleoproteinfilament formed onDNAwith a secondDNAmolecule. Thefilament-
DNA interaction governs the search for sequence homology, sequence recogni-
tion, and eventually the exchange of homologous strands. Here, we employ
a dual molecule assay to study the mechanics of this two-molecule interaction.
In our experiments, a RecA filament is manipulated in 3D by dual-bead optical
tweezers, and brought into contact with a second dsDNA molecule tethered in
a magnetic-tweezers configuration. The strength of the interaction is studied us-
ing a force-spectroscopy technique with the magnetic bead as the sensitive
force probe (resolution 10 fN/sqrt(Hz)). We present results on the interaction
between supercoiled dsDNA and RecA filaments formed on dsDNA. We find
that the strength of interaction depends sensitively on the supercoiling state
of the dsDNA with stronger interactions recorded for negatively supercoiled
DNA. This observation is interpreted as enhanced binding of DNA in a dena-
tured state to the secondary binding site of the RecA filament. The strong affin-
ity of the RecA filament for denatured dsDNA could lead to a favoring of the
search process to regions of denatured dsDNAwhere base sampling is possible,
a feature that is expected to be important in governing a fast and efficient
homology search process.
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Measuring the Folding Landscape of a Harmonically Constrained
Biopolymer
Michel de Messieres, Barbara Brawn-Cinani, Arthur La Porta.
University of Maryland, College Park, MD, USA.
Pioneering studies have shown that the probability distribution of opening
length for a DNA hairpin, recorded under constant force using an optical
trap, can be used to reconstruct the energy landscape of the transition. However,
measurements made under constant force are subject to some limitations. Un-
der constant force a system with a formidable energy barrier, such as a long
hairpin, spends most of its time in the closed or open state, with relatively
few statistics collected in the transition state region. We describe a measure-
ment scheme in which a harmonic constraint is imposed on the opening length
of the hairpin whose origin can be chosen to enhance the collection of statistics
in a given region. An algorithm has been developed which extracts the native
energy landscape of the hairpin from a series of data runs in which the system is
constrained at various regions of the energy landscape. We illustrate this tech-
nique in simulations and demonstrate its effectiveness in experiments on
a DNA hairpin. We find that the combination of harmonic constraint with
the use of extremely short DNA handles facilitates a high resolution measure-
ment of the folding landscape of the hairpin.
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Excitable Particles in an Optical Torque Wrench
Francesco Pedaci1, Zhuangxiong Huang1, Maarten van Oene1,
Stephane Barland2, Nynke H. Dekker1.
1TU Delft, Delft, Netherlands, 2INLN CNRS, Nice, France.
The optical torque wrench is a laser trapping technique capable of applying and
directly measuring torque on microscopic birefringent particles via spin mo-
mentum transfer, and has found application in the measurement of static tor-
sional properties of biological molecules such as single DNAs. Motivated by
the potential of the optical torque wrench to access the fast rotational dynamics
of biological systems, a result of its all-optical manipulation and detection, we
focus on the angular dynamics of the trapped birefringent particle, demonstrat-
ing its excitability in the vicinity of a critical point. This links the optical torque
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tissues, non-linear optics and chemical reactions, all of which display an excit-
able binary (‘all-or-none’) response to input perturbations. Based on this
dynamical feature, we devise and implement a conceptually novel sensing tech-
nique capable of detecting single perturbation events with high signal-to-noise
ratio and continuously adjustable sensitivity.
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Single-Molecule Analysis of Intraflagellar Transport in Live
Chlamydomonas Cells
Sheng-Min Shih1, Fatih Kocabas2, Ahmet Yildiz1.
1University of California Berkeley, Berkeley, CA, USA, 2University of Texas
Southwestern Medical Center, Dallas, TX, USA.
Eukaryotic cilia and flagella are highly specialized for long-distance cargo
transportation. Intraflagellar transport (IFT) in Chlamydomonas flagella re-
quires two proteins: kinesin II motors that transport submembranous protein
particles from the flagellar base to the tip by moving along a unipolar array
of microtubules, and IFT dynein motors that recycle these particles back to
the cell body. To investigate the interactions between microtubule motors
and individual IFT cargos, we have attached fluorescent polystyrene beads
coated with an antibody for FMG1, a transmembrane glycoprotein. Multicolor
tracking of FMG1-beads and GFP-tagged IFT cargos showed that FMG1 is
transported by the IFT machinery. The movement of the FMG1-beads was
tracked with 1 nm precision at 400 microsecond temporal resolution. We ob-
served the beads taking 8 nm steps in both the retrograde and anterograde di-
rections. Analysis of bead motion also revealed that IFT cargos move
unidirectionally from one end of the flagella to the other with infrequent back-
ward steps. Using an optical trap, we have measured the forces that are exerted
on the bead by the motor proteins to estimate the number of engaged motors on
single IFT cargos. Beads have stalled near 20-30 pN forces in each direction,
indicating that there are at least 4-5 active motors involved in the transportation
of IFT cargos. Force measurements in a strain that carries a temperature-sensi-
tive mutant of kinesin II showed that heat inactivation of kinesin II did not alter
forces in the retrograde direction. Our results suggest that kinesin and dynein
motors do not undergo tug-of-war competition with each other in IFT.We favor
a model where the regulation of motors is restricted to the base and the tip of the
flagellum to provide a continuous stream of IFT cargos along the flagellum.
PLATFORM C: Muscle: Fiber & Molecular
Mechanics & Structure
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Ionic Strength Influences the Mechanical Force Regulation
of Myosin’S Unbinding Rate
Amy M. Clobes, William H. Guilford.
University of Virginia, Charlottesville, VA, USA.
We previously showed that skeletal muscle actomyosin in various nucleotide
states behaves as a catch bond and that bond lifetime is maximal at the isomet-
ric force generated by a single myosin molecule. Recent data from our lab sug-
gest the catch-slip behaviour results from allosteric conversion of myosin from
a short- to a long-lived bound state. Though these studies shed some light on
actin-myosin bond mechanics, the experimental conditions were 5 times lower
than physiologic ionic strength. We therefore investigated the possibility that
residence times in the short- and long-lived bond state of the myosin head
are influenced by ionic strength. Dynamic force spectroscopy was used to mea-
sure the load-dependent bond dissociation of nucleotide-free heavy meromyo-
sin (HMM) from actin at 25 mM (typical in vitro) and 145 mM KCl
(physiologic ionic strength). In this technique, a trapped actin-coated bead
was brought into contact with an HMM-coated surface, a bond was allowed
to form, and then the bond was loaded until rupture by moving the laser trap
away. We also determined bond lifetimes at near-zero load by placing an ac-
tin-coated bead adjacent to the HMM-coated surface and allowing bonds to
form and break semi-spontaneously. Actin-myosin bond lifetimes were higher
on average at physiologic ionic strength compared to low ionic strength across
a range of forces. Further, our data suggest that catch bond behaviour is abro-
gated at physiologic ionic strength.
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Actin Sliding Velocities are Influenced by Actin - Myosin Attachment
Kinetics
Del R. Jackson Jr., Travis Stewart, Alan Stickney, Josh E. Baker.
University of Nevada, Reno, Reno, NV, USA.
Unloaded muscle shortening velocities (V) are widely thought to be limited by
actin-myosin detachment kinetics (Ton); however, recent studies indicate that
actin-myosin attachment kinetics (katt) significantly influence V. To test thehypothesis that V varies with katt, we use stopped flow fluorescence spectrom-
etry to study effectors of katt and in vitro motility assays to correlate observed
effects on katt with changes in V. Here we consider the combined effects of
sucrose and potassium chloride, KCl. We show that sucrose specifically inhibits
the rate of actin-myosin binding, katt, and the effects of sucrose on katt correlate
with its effects on V. Moreover, the addition of KCl enhances the effects of
sucrose on katt, with the combined effects of KCl and sucrose on katt mirroring
their effects on V, suggesting that the ionic strength-dependence of katt contrib-
utes to the ionic strength-dependence of V. We are investigating mechanisms
by which both KCl and sucrose influence katt, and we have developed a collec-
tive force model that accounts for the observed influence of both katt and Ton on
V. Our data and model imply that factors that decrease katt such as regulatory
proteins, certain disease related mutations, and inhibitors such as blebbistatin
can slow V through kinetic rather than recruitment or sequestration mecha-
nisms.
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A-Band Shortening in Isolated Myofibrils of Rabbit Psoas Muscles
Maria Yamamoto, Appaji Panchangam, Walter Herzog.
University of Calgary, Calgary, AB, Canada.
Muscle contraction is explained by cyclical interactions between actin and my-
osin filaments. These filaments are typically assumed to be rigid and thus are
not thought to contribute to muscle contraction and force production. However,
previous works have observed reduction in A-band width, an indicator of my-
osin length, in activated single fibers. As individual sarcomeres and A-bands
cannot be resolved accurately in single fibers the purpose of this study was
to determine A-band widths in a preparation that allows such resolution i.e.,
isolated myofibrils. Isolated myofibrils (n=13, 10-15 sarcomeres long) of rabbit
psoas muscles were placed in a bath containing relaxing solution under an
inverted microscope. Myofibrils were secured in two segments with two glass
micro needles and a silicon nitrate nano lever. Mean sarcomere length (SL) of
the control segment between the glass needle and the cantilever was set to
~2.4mm and the mean SL of the experimental segment between the needles
was varied between 2.0mm and 3.2mm. Upon Ca2þ-activation, myofibrillar
forces were calculated in the control segment from the cantilever deflection
(1865112nN). A-band widths and SL were measured from video continually
for 5min following activation. Reduction in A-band width (range=0.0-0.6mm)
correlated (p=-0.7884) with the post-activation mean SL (range=2.1-3.2mm)
of the experimental segment in a bi-linear fashion with an inflection at
~2.8mm. A-bands shorten upon activation at SL below 2.8mm, but remain con-
stant at SL above 2.8mm. This result contradicts long held beliefs about myosin
filament rigidity and may challenge our current thinking about the molecular
mechanisms of contraction. However, the slow speed of A-band shortening rai-
ses questions about its functional relevance in everyday muscle activity and its
occurrence at short SL only may suggest a role in adjusting the length of the
molecular spring titin.
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Sub-Millisecond Time-Resolved 2-Dimensional X-Ray Diffraction
Recording from Stretch-Activated Flight Muscle from Bumblebee
Hiroyuki Iwamoto, Naoto Yagi.
SPring-8, JASRI, Sayo-gun, Hyogo, Japan.
We have previously recorded the responses of X-ray reflections from bumble-
bee flight muscle (IFM) fibers to step length changes at a 3.4 ms time resolu-
tion (Iwamoto et al., Biophys. J., 2010). This study showed that, upon stretch,
the myosin heads supporting isometric force detached, and were dynamically
replaced by new myosin heads recruited by stretch activation (SA). At the
same time, tropomyosin molecules (TM) temporarily moved back to its inac-
tivating positions. These motions of proteins were very fast, and clearly the
time resolution of the 3-CCD detector (640 x 480 pixels, 3.4 ms/full-frame)
was insufficient. Here we used a new high-speed CMOS detector (1024 x
1024 pixels, up to 0.2 ms/full-frame) and repeated time-resolved measure-
ments with a 0.5-ms time resolution. Unlike CCD detectors, the CMOS detec-
tor does not have to transmit charges serially, enabling a fast readout. In
addition, we have improved the experimental design so that the IFM fibers tol-
erate higher X-ray dose (thus higher signal). Mitochondrial remnants, a major
diffusion barrier for substances, were thoroughly removed to ensure sufficient
ATP supply. After these improvements, the analysis from fully Ca-activated
fibers showed that the stretch-induced detachment of myosin heads supporting
isometric force is complete within 1 ms after completion of a 1-ms stretch, as
shown by the reciprocal intensity changes of troponin reflections. The reat-
tachment of myosin heads was slightly faster than the rise of SA force, and
the number of attached heads started to decrease while the force was still ris-
ing. The movement of tropomyosin was perfectly synchronized with myosin
detachment/reattachment, making it likely that tropomyosin and wings are
